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Yellow vein disease of Ageratum conyzoides is caused by a viral DNA complex consisting of the genomic component (DNA
A) of the monopartite begomovirus Ageratum yellow vein virus (AYVV, family: Geminiviridae) and a small satellite-like DNA b
component. AYVV DNA A is unable to induce symptoms in this host alone but can systemically infect A. conyzoides in which
it accumulates to low levels. Here, we demonstrate that the yellow vein phenotype can also be produced by co-inoculating
A. conyzoides with AYVV DNA A and recDNA-Ab17, a naturally occurring recombinant of approximately the same size as DNA
b that contains sequences from both DNA A and DNA b. Symptoms induced by DNA A and recDNA-Ab17 in A. conyzoides
and Nicotiana glutinosa are qualitatively similar to those associated with DNA A and DNA b although milder. Recombination
between DNA A and DNA b to produce a chimera resembling recDNA-Ab17 was observed after whitefly transmission of the
disease in A. conyzoides. Hence, such recombination events are likely to occur frequently, implying that recombinants will
normally be associated with this type of disease complex in the field. Possible implications of these findings for the evolution
of begomoviruses and the aetiology of their diseases are discussed. © 2001 Academic PressINTRODUCTION
The majority of members of the family Geminiviridae
belong to the genus Begomovirus (Rybicki et al., 2000).
Most begomoviruses have bipartite genomes (DNAs A
and B) although several have been isolated that have
only a single genomic component resembling DNA A, for
example, some isolates of Tomato yellow leaf curl virus
(TYLCV) (Kheyr-Pour et al., 1991; Navot et al., 1991) as
well as Tomato leaf curl virus (TLCV) (Dry et al., 1993),
Ageratum yellow vein virus (AYVV) (Tan et al., 1995), and
Cotton leaf curl virus (CLCuV) (Briddon et al., 2000). DNA
A encodes a replication-associated protein (Rep) that is
essential for viral DNA replication, a replication en-
hancer protein (REn), the coat protein (CP) and a tran-
scription activator protein (TrAP) that controls late gene
expression. DNA B encodes a nuclear shuttle protein
(NSP) and a movement protein (MP), both of which are
essential for symptomatic infection of plants (reviewed
by Bisaro, 1996; Hanley-Bowdoin et al., 1999).
Comparative sequence analysis of a large number of
begomovirus species, strains, and isolates has demon-
strated that their evolution is attributable not only to
gradual genetic drift by point mutations but also to fre-
quent recombination events between members of the
genus (Padidam et al., 1999) as well as with members of
other genera (Stanley et al., 1986; Briddon et al., 1996).
The exchange of entire genomic components (pseu-
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38dorecombination) between closely related isolates (Stan-
ley et al., 1985; Aria et al., 1994) and distinct species
(Gilbertson et al., 1993; Hou and Gilbertson, 1996; Ho¨fer
et al., 1997; Hill et al., 1998; Hou et al., 1998) may also
contribute to their diversity. Mixed infections that enable
recombination and pseudorecombination to take place
have been observed for begomoviruses (Lazarowitz,
1991; Harrison et al., 1997b; Harrison and Robinson,
1999; Roye et al., 1999). Begomovirus sequences can
also integrate into the plant genome and enter the germ
line, enabling their vertical transmission and thereby
providing further opportunities for recombination events
to occur (Bejarano et al., 1996; Ashby et al., 1997). Clearly,
these nuclear-replicating viruses are highly recombino-
genic in nature, and this ability to readily exchange
genetic material has undoubtedly facilitated their rapid
diversification (Padidam et al., 1999) and emergence as
economically important diseases (reviewed by Brown,
1994).
The monopartite begomovirus AYVV was isolated from
the weed species Ageratum conyzoides exhibiting yel-
low vein disease (Tan et al., 1995). In addition to a
begomovirus component, diseased A. conyzoides plants
contain a small (;1.4 kb) autonomously replicating sat-
ellite-like DNA that is approximately half the size of DNA
A (referred to as DNA 1; Saunders and Stanley, 1999).
Like its counterpart found in cotton infected with CLCuV
(Mansoor et al., 1999), AYVV DNA 1 probably originated
from a component of a nanovirus, a multicomponent
single-stranded DNA plant virus, by adaptation to white-
fly transmission. This implies that mixed infections are
en
i
t
t
o
w
(
s
D
f
p
p
h
A
s
a
D
R
b
s
o
r
(
t
1
c
D
A
c
u
t
w
y
(
w
o
D
D
g
c
A
n
w
t
p
a
n
i
i
39AGERATUM YELLOW VEIN DISEASE AETIOLOGYnot confined to begomoviruses but can also occur be-
tween begomoviruses and nanoviruses. Homologues of
other nanovirus components have not been isolated from
infected A. conyzoides, and DNA 1 plays no essential
role in the disease phenotype. However, diseased A.
conyzoides plants contain an additional satellite-like
DNA, referred to as DNA b, of unknown origin (Saunders
t al., 2000). AYVV DNA A and DNA b together form the
disease complex that is responsible for the yellow vein
phenotype.
In addition to AYVV DNA A, DNA 1, and DNA b, a
umber of small DNAs have also been isolated from
nfected A. conyzoides plants. Their sequences indicate
hat they are chimeras produced by recombination be-
ween DNA A and either DNA 1 or DNA b. Although
riginally identified as defective DNAs and designated
ith the prefix “def”(Stanley et al., 1997), we now refer to
them as recombinant (rec) DNAs, either recDNA-Ab or
recDNA-A1, according to their parental DNA compo-
nents. The DNA b recombinants are all closely related
typified by recDNA-Ab17 (previously def17; Fig. 1), pos-
essing DNA b sequences fused to the AYVV DNA A
intergenic region that contains the origin of DNA repli-
cation and variable amounts of flanking coding se-
quences. Because recDNA-Ab17 contains a large part of
FIG. 1. Begomovirus DNA A and associated satellite-like and recom-
binant DNAs. DNA A and DNA b sequences are shown in white and
ray, respectively. Intergenic region sequences corresponding to the
ommon region of bipartite begomoviruses, also present in recDNA-
b17 (recDNA), are shown in black. The DNA A and DNA b nucleotide
coordinates at the recombination points in recDNA-Ab17 are given;
ucleotide numbering begins immediately downstream of the nick site
ithin the origin of replication (denoted by the stem–loop structure at
he top of each component) according to current convention. The
osition and orientation of primers V3518 and V3996, used to PCR-
mplify sequences of DNA b, recDNA-Ab17, and de novo recombi-
ants, are indicated by black arrow heads. The positions of SspI sites
n DNA b and recDNA-Ab17 that were used to screen for recombination
n plants are indicated.NA b, including potentially functional open reading
rames (ORFs) (Saunders et al., 2000), it was consideredossible that the recombinant could also have the ca-
acity to induce disease symptoms. Here, we test this
ypothesis by comparing the pathogenic effects of DNA
b and recDNA-Ab17 when co-inoculated with AYVV DNA
into the natural host A. conyzoides as well as the highly
usceptible hosts Nicotiana glutinosa and N. benthami-
na. In addition, we have investigated the propensity of
NA b to undergo recombination with the begomovirus
component to produce chimeras resembling recDNA-
Ab17 during infection in A. conyzoides.
RESULTS
ecombinant recDNA-Ab17 can induce disease
symptoms in A. conyzoides
A. conyzoides plants were co-inoculated with AYVV
DNA A and DNA b, recDNA-Ab17, or a combination of
oth. Infectivity of DNA A and DNA b in this host was
hown to be sporadic when the DNAs were introduced
n separate binary vectors (Saunders et al., 2000) and
eached an average of only 13% in current experiments
Table 1). In contrast, infection and symptom induction in
he highly susceptible host N. benthamiana was typically
00% using this cloning strategy. In an attempt to over-
ome the infectivity problem in A. conyzoides, DNA A and
NA b (pBin-AYVVAb), DNA A and recDNA-Ab17 (pBin-
YVVArec17), or all three DNAs (pBin-AYVVAbrec17) were
loned in a single binary vector, thus ensuring that inoc-
lated cells received copies of each component. Rou-
inely, all A. conyzoides plants co-inoculated in this way
ith DNA A and DNA b became infected and developed
typical yellow vein symptoms (Table 1). Plants co-inocu-
lated with DNA A and recDNA-Ab17 also developed
ellow vein symptoms although slightly less efficiently
86%), and symptoms were milder than those associated
ith DNA A and DNA b (Figs. 2A and 2C). However, the
nset of symptoms occurred at ;9 days postinoculation
TABLE 1
Symptom Induction in Plants by Viral, Satellite-like,
and Recombinant DNAs
Inoculum A. conyzoidesa N. benthamianaa N. glutinosaa
DNA A 0/18 (3) 24/25 (5) 12/12 (3)
DNA A 1 DNA bb 7/54 (3) 23/23 (4) not done
DNA A 1 DNA bc 22/22 (3) 8/8 (3) 12/12 (3)
NA A 1 recDNAb 4/63 (4) 23/23 (4) not done
DNA A 1 recDNAc 19/22 (3) 8/8 (3) 12/12 (3)
NA A 1 DNA b 1
recDNAc 19/22 (3) 8/8 (3) 12/12 (3)
a Number of symptomatic plants/number of plants inoculated (num-
ber of experiments).
b DNA A, DNA b, and recDNA-Ab17 partial repeats cloned in sepa-
rate binary vectors.
c DNA A, DNA b, and recDNA-Ab17 partial repeats cloned in a single
binary vector.
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40 SAUNDERS, BEDFORD, AND STANLEYfor both inocula. The severe phenotype associated with
DNA A and DNA b was maintained in A. conyzoides
following whitefly transmission. However, symptoms as-
sociated with DNA A and recDNA-Ab17 following white-
fly transmission were significantly milder than those in
the initially infected plants, and two attempts to whitefly-
transmit the disease from these very mildly affected
plants have been unsuccessful (data not shown). None-
theless, the ability of whiteflies to transmit recDNA-Ab17
rom the initially infected plant implies that it is encapsi-
ated as has been proposed for DNA b (Saunders et al.,
000). A. conyzoides plants co-inoculated with all three
omponents developed severe symptoms identical to
hose associated with plants infected with DNA A and
NA b.
Co-inoculation of DNA A with either DNA b or recDNA-
Ab17 also induced distinguishable symptoms in other
osts. DNA A alone has been shown to cause a sporadic
symptomatic infection in A. conyzoides (Saunders and
tanley, 1999; Saunders et al., 2000). In contrast, it
FIG. 2. Symptoms induced by AYVV DNA A when co-inoculated with e
b (left) and DNA A and recDNA-Ab17 (right) photographed 28 days afte
infected with DNA A alone, DNA A and DNA b, and DNA A and recD
uninfected A. conyzoides plant (centre) and plants infected with DNA A
leaves from N. glutinosa plants infected with DNA A alone (left) and Daused a systemic infection in all inoculated N. glutinosa
lants, in which it induced symptoms of stunting and Nrect leaves (Fig. 2B; Table 1). When co-inoculated with
NA A, DNA b, and recDNA-Ab17, each induced stunting
and downward leaf curl in this host, although symptoms
were again milder when recDNA-Ab17 was used. Similar
to the response in A. conyzoides, N. glutinosa plants
co-inoculated with DNA A, DNA b, and recDNA-Ab17
isplayed symptoms identical to those associated with
NA A and DNA b. DNA A and DNA b induced vein
greening symptoms in N. glutinosa (Fig. 2D), and a sim-
ilar though less pronounced phenotype was associated
with DNA A and recDNA-Ab17. DNA A alone did not
induce this phenotype. Vein greening symptoms are typ-
ical of leaf curl disease (probably caused by monopartite
begomovirus and DNA b complexes; Saunders et al.,
000) in cotton and hollyhock (Mansoor et al., 1993;
arrison et al., 1997a). Symptoms induced by DNA A and
ecDNA-Ab17 in N. benthamiana were qualitatively sim-
lar to those induced by DNA A and DNA b (Saunders et
l., 2000) although slightly milder (data not shown). The
ifference between phenotypes associated with DNA b
NA b or recDNA-Ab17. (A) A. conyzoides infected with DNA A and DNA
lation. (B) From left to right, an uninfected N. glutinosa plant and plants
17, photographed 25 days after inoculation. (C) Upper leaves from an
NA b (left) and DNA A and recDNA-Ab17 (right). (D) Portions of upper
nd DNA b (right).ither D
r inocu
NA-Aband recDNA-Ab17 in this host was less marked than in
. glutinosa.
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41AGERATUM YELLOW VEIN DISEASE AETIOLOGYSymptom severity in A. conyzoides correlates with
levels of AYVV DNA A
To examine the relative amounts of DNA A, DNA b,
and recDNA-Ab17 in mixed infections, nucleic acids
were extracted from systemically infected symptomatic
A. conyzoides plants 21 days postinoculation and ana-
lyzed by Southern hybridization using probes to detect
either DNA A and recDNA-Ab17 (distinguishable on the
basis of size) or DNA b (Fig. 3). Equimolar amounts of
marker DNAs corresponding to redundant copies of
each DNA component were produced by digestion of
pBin-AYVVAbrec17. Probe specificity was confirmed by
ybridization to these markers (lanes 1 and 10) and to
NA isolated from individual symptomatic leaves from
lants co-inoculated with either DNA A and DNA b (lane
2) or DNA A and recDNA-Ab17 (lane 3). Predominantly
single-stranded DNA forms of all three components ac-
cumulated in infected tissues. Double-stranded DNA
forms were also detected, although they accumulated to
relatively low levels as previously observed in this host
(Saunders et al., 2000). The relative accumulation of each
DNA component was estimated knowing that the 3.2-kb
FIG. 3. Southern blot analysis of viral, satellite-like, and recombinant
DNAs associated with systemically infected A. conyzoides plants. Nu-
cleic acids were extracted from upper leaves of plants infected with
DNA A and DNA b (lanes 2 and 11–14), DNA A and recDNA-Ab17 (lanes
and 15–18), or DNA A, DNA b, and recDNA-Ab17 (lanes 4–9). Equal
amounts of nucleic acid (5 mg) were loaded in each lane. Blots were
hybridised with probes to detect either DNA A and recDNA-Ab17 (A) or
NA b (B). Marker DNAs corresponding to partial repeats of DNA A (3.2
kb) and recDNA-Ab17 (1.6 kb) and a dimer of DNA b (2.7 kb) were
produced by digestion of 2.5 ng pBin-AYVVAbrec17 with HindIII, SmaI,
and SacI (lanes 1 and 10). The DNA A and DNA b markers contain two
opies of their respective probes, and the recDNA-Ab17 marker con-
ains a single copy. The positions of single-stranded forms of DNA A,
ecDNA-Ab17 (recDNA), and DNA b are indicated.DNA A marker and the 2.7-kb DNA b marker each con-
tain two copies of their respective probe target, while the
c
u1.6-kb recDNA-Ab17 marker contains only a single copy.
In an initial experiment, plants were co-inoculated with
DNA A, DNA b, and recDNA-Ab17 using clone pBin-
YVVAbrec17. The amount of each component varied
considerably between samples (lanes 4–9), and either
DNA b or recDNA-Ab17 could predominate in individual
everely affected leaves. Nonetheless, both components
ould accumulate to relatively high levels; recDNA-Ab17
ccumulated to an average of ;125% (range 20–207%)
nd DNA b to ;75% (range 44–129%) of the level of DNA
A. In plants co-inoculated with DNA A and DNA b and
showing typical severe symptoms, both components ac-
cumulated to similar levels (lane 2), while in plants co-
inoculated with DNA A and recDNA-Ab17 and showing a
mild phenotype, the level of DNA A in particular ap-
peared to be greatly reduced (lane 3). To substantiate
this observation, A. conyzoides plants were co-inocu-
lated with DNA A and either DNA b (clone pBin-AYVVAb)
or recDNA-Ab17 (pBin-AYVVArec17). On this occasion,
DNA b accumulated to an average of ;105% (range
5–142%) of the level of DNA A in severely affected
eaves (Fig. 3, lanes 11–14). In contrast, DNA A accumu-
ation in leaves showing the mild phenotype typical of
o-infection with DNA A and recDNA-Ab17 averaged
only ;2% (range 0.5–3.9%) of that associated with the
DNA A and DNA b infection, while recDNA-Ab17 accu-
ulation remained relatively high at an average of ;40%
range 11–62%) of the level of DNA b found in severely
ffected plants. Overall, these results indicate that
ecDNA-Ab17 supports a mild symptomatic infection in
. conyzoides associated with extremely low levels of
NA A accumulation. However, even in the presence of
igh levels of recDNA-Ab17, DNA b can augment DNA A
accumulation to levels found in plants infected with only
DNA A and DNA b.
Initial attempts to compare the replication of DNA A,
DNA b, and recDNA-Ab17 using protoplasts derived from
suspension culture of N. tabacum BY-2 cells (Nagata et
l., 1992) were inconclusive because they supported only
ow levels of replication. Subsequently, replication was
ompared by infecting N. benthamiana leaf disks with
ombinations of DNA A, DNA b, and recDNA-Ab17. Nu-
cleic acids were extracted at intervals after inoculation
and analysed by Southern hybridisation using probes
specific for DNA A, DNA b, or both DNA A and recDNA-
Ab17 (Fig. 4). Each component replicated to produce
redominantly single-stranded DNA forms. The DNA
pecies that migrates ahead of single-stranded DNA A
Fig. 4A) is probably a subgenomic-sized defective DNA
component. By 6 days postinoculation, DNA b had
accumulated to ;25% and recDNA-Ab17 to ;65% of the
level of DNA A (numbers averaged over two experi-
ments) in leaf disks inoculated with pBin-AYVVAb (lane 7)
nd pBin-AYVVArec17 (lane 10), respectively. In leaf disks
o-inoculated with DNA A, DNA b, and recDNA-Ab17
sing clone pBin-AYVVAbrec17, DNA b had accumulated
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42 SAUNDERS, BEDFORD, AND STANLEYto ;25% and recDNA-Ab17 to ;20% of the level of DNA
(lane 13). These results indicate that co-infecting DNA
b and recDNA-Ab17 accumulate to similar levels but
neither outcompetes DNA A replication in N. benthami-
ana leaf disks over this time period.
Recombination occurs between DNA A and DNA b
during multiple passaging of clone progeny
To examine their potential for recombination, DNA A
and DNA b were maintained in A. conyzoides by whitefly
transmission. Primers V3518 and V3996 were designed
to PCR-amplify a region of either DNA b or a recombinant
with a similar structure to recDNA-Ab17 (Fig. 1). The
FIG. 4. Southern blot analysis of the accumulation of viral, satellite-
like, and recombinant DNAs in N. benthamiana leaf disks. Nucleic
acids were extracted from leaf disks inoculated with DNA A (lanes 2–4),
DNA A and DNA b (lanes 5–7), DNA A and recDNA-Ab17 (lanes 8–10),
or DNA A, recDNA-Ab17, and DNA b (lanes 11–13). Leaf disks were
arvested 2 (lanes 2, 5, 8, and 11), 4 (lanes 3, 6, 9, and 12) and 6 (lanes
, 7, 10, and 13) days postinoculation. Equal amounts of nucleic acid (5
mg) were loaded in each lane. Blots were hybridised with probes to
detect DNA A (A), DNA A and recDNA-Ab17 (B), or DNA b (C). Lane 1
ontains an aliquot (1mg) of nucleic acid extracted from an A.
conyzoides plant co-infected with DNA A, recDNA-Ab17 (recDNA), and
NA b, and the positions of their single-stranded DNA forms are
ndicated. The DNA A, recDNA-Ab17, and DNA b marker fragments
(lane 14) are described in the legend to Fig. 3. Note that on this
occasion, the 1.6-kb recDNA-Ab17 marker has been lost during the
blotting procedure.validity of this approach was verified by amplifying DNA
b and recDNA-Ab17 fragments of 860 and 830 bp, re-
7
spectively, from DNA extracted from A. conyzoides plants
nfected with wild-type virus (Fig. 5, lane 1). Digestion of
he PCR products with EcoRI, SspI, HindIII, or DraI (lanes
2–5) gave fragments diagnostic of DNA b (most abun-
ant band(s)) and recDNA-Ab17 as predicted from their
sequences. As expected, the four fragments resulting
from SspI digestion were also amplified from extracts of
plants co-inoculated with DNA A and either DNA b (550-
and 310-bp fragments; lane 7) or recDNA-Ab17 (460- and
370-bp fragments; lane 13). Fragments diagnostic of
DNA b were amplified from an extract of plants that had
een inoculated with DNA A and DNA b progeny using
viruliferous whiteflies (lane 9). However, an additional
smaller PCR product that produced novel SspI fragments
appeared after the fifth passage using viruliferous white-
flies (lanes 10 and 11). The intact PCR product was
cloned, and the sequences of four independent clones
were established and shown to be identical. The analy-
sis confirmed that a new recombinant had been pro-
duced that was slightly smaller (1190 bp) than both DNA
b (1347 bp) and recDNA-Ab17 (1305 bp) as suggested
rom the size of the PCR fragment. The recombinant
iffered from recDNA-Ab17 (Fig. 1), having nucleotides
9-937 of DNA b linked to nucleotides 2499-39 of DNA A,
but otherwise was similar in overall structure. One re-
combination point in recDNA-Ab17 has been shown to
orrespond to the putative nick site within the origin of
eplication in DNA b (Stanley et al., 1997). The analogous
position in the new recombinant occurs downstream of
the nick site as previously observed for a number of
recDNA-Ab17 homologues (Stanley et al., 1997). On this
occasion, the crossover point occurs 39 nucleotides
downstream of both the DNA A and DNA b nick sites,
FIG. 5. PCR-amplification of DNA b and recombinant DNA fragments
ssociated with wild-type and clone progeny infections. Primers V3518
nd V3996, specific to DNA b sequences (Fig. 1), were used to PCR-
amplify a DNA fragment from A. conyzoides extracts of plants infected
ith wild-type virus (lanes 1–5), DNA A and DNA b (lanes 6 and 7), or
DNA A and recDNA-Ab17 (lanes 12 and 13). Fragments were also
amplified from extracts of plants infected by whitefly transmission of
the progeny of DNA A and DNA b, sampled after the first (lanes 8 and
9) and fifth (lanes 10 and 11) passage. Samples were either undigested
(lanes 1, 6, 8, 10, and 12) or digested with EcoRI (lane 2), SspI (lanes 3,, 9, 11 and 13), HincII (lane 4), and DraI (lane 5). The positions of DNA
ize markers (kb) in lane M are indicated.
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43AGERATUM YELLOW VEIN DISEASE AETIOLOGYsuggesting that early events during replication again
contribute to recombination.
DISCUSSION
We have recently demonstrated that yellow vein dis-
ease of A. conyzoides is caused by a novel complex
comprising AYVV DNA A and satellite-like DNA b (Saun-
ders et al., 2000). DNA b is dependent on DNA A for its
replication and encapsidation and is responsible for
symptom development and amplification of DNA A to
wild-type levels. It was suggested that DNA b-mediated
amplification of DNA A may involve either systemic
movement, conditioning of cells to make them permis-
sive for replication or suppression of a host defense
mechanism. Diseased A. conyzoides plants also contain
a number of closely related chimeric DNAs that are
recombinants between DNA A and DNA b (Stanley et al.,
1997). Here, we demonstrate that one such recombinant
(recDNA-Ab17) is also capable of inducing the disease
henotype in A. conyzoides when co-inoculated with
YVV DNA A. Thus, the DNA b sequences within
recDNA-Ab17, encompassing nucleotides 1–977 and in-
luding putative functional ORFs identified by Saunders
t al. (2000), are sufficient to induce yellow vein symp-
oms. As the majority of other recombinants isolated from
iseased A. conyzoides closely resemble recDNA-Ab17
(Stanley et al., 1997), it is likely that they represent a
opulation of infectious chimeric DNAs. Our data also
uggest that such recombinants may be frequently pro-
uced, implying that they will normally be associated
ith this type of disease complex in the field. This idea is
upported by the isolation of a similar recombinant as-
ociated with CLCuV-infected cotton in Pakistan (EMBL
ccession No. AJ242974; Briddon et al., 2000). Recombi-
ants containing a functional begomovirus origin of rep-
ication and of an appropriate size for encapsidation,
ystemic spread, and whitefly transmission would be
xpected to be maintained within the population. The
roposed ubiquitous nature of the recombinants may be
xploited to facilitate cloning of DNA b homologues from
other disease complexes by designing diverging primers
to the intergenic region of the associated begomovirus
with which to PCR-amplify recombinant DNA fragments
and, hence, DNA b sequences.
Although the onset of symptom development occurred
at a similar time when DNA A was co-inoculated with
either DNA b or recDNA-Ab17, symptoms induced by
recDNA-Ab17 in A. conyzoides were noticeably milder,
nd this correlated with extremely low levels of DNA A
ccumulation. This low level of DNA A accumulation is
omparable to that observed in asymptomatic A.
onyzoides plants infected with DNA A alone (Saunders
t al., 2000), indicating that symptoms primarily resultrom the host response to a DNA b gene product rather
han DNA b-mediated amplification of a DNA A-encoded
csymptom determinant. Unlike DNA b, recDNA-Ab17 con-
ains DNA A nucleotides 2472-56 (Fig. 1) encompassing
he authentic begomovirus replication origin and adja-
ent virion-sense and complementary-sense promoters.
ence, DNA A iterons involved in Rep binding during the
nitiation of replication (Argu¨ello-Astorga et al., 1994) are
present in recDNA-Ab17 although identical motifs do not
ccur in DNA b (Saunders et al., 2000). Despite these
differences, DNA b and recDNA-Ab17 replicate to similar
levels in leaf disks of the permissive host N. benthami-
ana. However, it remains to be seen if the authentic
begomovirus origin confers a significant replicative ad-
vantage on recDNA-Ab17 in the natural host A.
conyzoides.
Although recDNA-Ab17 may contain the same gene(s)
s DNA b, it is possible that gene expression is ad-
versely affected by the presence of begomovirus regu-
latory elements that participate in TrAP-mediated trans-
activation of the virion-sense promoter (Sunter and
Bisaro, 1992) and Rep-mediated downregulation of the
complementary-sense promoter (Sunter et al., 1993). In-
deed, the control of virion-sense expression by TrAP has
been proposed for TLCV (Dry et al., 2000), and the TLCV
Rep binding site has been mapped between its promoter
and coding sequences, consistent with a regulatory role
(Behjatnia et al., 1998), suggesting that comparable reg-
ulatory elements also occur in monopartite begomovi-
ruses. As a consequence, recDNA-Ab17 may be less
well suited to amplify DNA A during systemic infection of
A. conyzoides, resulting in only mild symptoms. However,
our co-infection experiments using this host demonstrate
that the proposed defect in recDNA-Ab17 is overcome by
DNA b. While it is not yet known why recDNA-Ab17
ccumulates at the expense of the begomovirus compo-
ent in A. conyzoides (in the absence of DNA b), this is
clearly a host-specific phenomenon as both components
accumulate efficiently in N. benthamiana plants (Stanley
et al., 1997) and DNA A accumulates to higher levels than
recDNA-Ab17 in N. benthamiana leaf disks (this paper). It
s likely that the drastic reduction in DNA A levels is
esponsible for the rapid loss in the ability to transmit the
isease by whiteflies. This indicates that DNA b has a
selective advantage over recDNA-Ab17 and suggests
hat, although recombinants like recDNA-Ab17 have the
potential to co-exist with DNA A, they are unlikely to
occur in the field in the absence of DNA b. However, the
ossibility that recombinants associated with uncharac-
erised begomovirus diseases have gradually evolved to
vercome such defects cannot be ruled out at the
resent time.
The evolutionary origin of DNA b remains to be deter-
ined. It shares no extensive sequence homology with
ipartite begomoviruses although it has a number of
eatures in common with DNA B that probably reflects
onvergent evolution of these components. Both DNA b
and DNA B are replicated in trans by DNA-A-encoded
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44 SAUNDERS, BEDFORD, AND STANLEYRep and encapsidated in DNA-A-encoded CP. DNA B is
generally considered to play an essential role in bipartite
begomovirus infection, although systemic movement of
DNA A alone can occur under certain conditions
(Klinkenberg and Stanley, 1990; Evans and Jeske, 1993).
DNA b is not essential for systemic movement of AYVV
DNA A although it is required for the amplification of
DNA A to wild-type levels in systemically infected tissues
and so may be considered as an essential component of
the disease (Saunders and Stanley, 1999; Saunders et al.,
2000). Amplification of DNA A in plants by DNA B is
mediated by NSP and MP, which function cooperatively
to facilitate cell-to-cell movement (Noueiry et al., 1994;
Sanderfoot and Lazarowitz, 1995). MP is encoded on the
complementary-sense strand and has been shown to be
an important symptom determinant (von Arnim and Stan-
ley, 1992; Pascal et al., 1993; Duan et al., 1997). Similarly,
we have identified an ORF encoded on the complemen-
tary-sense strand of DNA b, currently designated bC1,
that contributes to symptom production (Saunders et al.,
2000 and unpublished data).
Having acquired DNA A sequences, the recombinant
recDNA-Ab17 shares structural features with DNA B not
een for DNA b (Fig.1). DNA A and DNA B contain a
region of ;200 nucleotides (designated the common
region) that is highly conserved between genomic com-
ponents of individual begomovirus species, located
mainly within the intergenic region. The common region
contains the Rep binding site and a conserved stem–
loop motif that includes the nick site for the initiation of
rolling circle replication (reviewed by Hanley-Bowdoin et
al., 1999). Recombination between common region se-
uences of DNA A and DNA B plays an important role in
aintaining these essential cis-acting motifs on both
components. For example, in the case of African cassava
mosaic virus, lethal mutations within the stem–loop motif
of DNA B, including deletion of the entire sequence, are
rapidly corrected by recombination with DNA A (Roberts
and Stanley, 1994). This may occur either by homologous
recombination between common region sequences or
by a replicative mechanism mediated by the nick site
within the origin of replication that is known to be a
recombinational hot-spot (Etessami et al., 1989; Stenger
t al., 1991; Stanley, 1995). Similarly, we have demon-
trated that DNA b can acquire sequences from DNA A
by a process that, at least for recDNA-Ab17, involves the
utative nick site of DNA b (Fig. 1). The resulting recom-
binants essentially contain a common region together
with the adjacent DNA A intergenic region and the 59
terminus of the Rep ORF. Interestingly, the common re-
gion sequences of some bipartite begomoviruses, for
example Tomato golden mosaic virus and Bean golden
osaic virus (Hamilton et al., 1984; Howarth et al., 1985),
lso extend into the 59 terminus of the Rep ORF, sug-
esting that DNA B similarly acquired this region from
NA A. AAlthough recDNA-Ab17 is clearly a derivative of DNA
b, having been produced by recombination with the be-
gomovirus component, it can induce the disease pheno-
type, has the potential to exist in nature in the absence of
DNA b, and shows structural and functional similarities
o DNA B. Indeed, without prior knowledge of the DNA b
progenitor, recDNA-Ab17 may have been considered to
e a novel type of begomovirus component on the basis
f these criteria. Based on the conservation of their
equences, it was suggested that DNA B-encoded NSP
riginated from CP by gene duplication (Kikuno et al.,
984), and this idea is supported by the fact that both are
equence non-specific single-stranded DNA binding pro-
eins that participate in nuclear trafficking (Pascal et al.,
994; Kunik et al., 1998; Palanichelvam et al., 1998) and
hat they show some functional redundancy (Pooma et
l., 1996; Ingham et al., 1995). Hence, DNA B may have
volved from a monopartite geminivirus DNA A compo-
ent by functional adaptation of the virion-sense CP
ene for nuclear trafficking and exchange of existing
omplementary-sense genes for a MP gene. However,
hile DNA B and DNA b are probably evolutionarily
nrelated and simply represent functionally convergent
isease components (vis-a`-vis DNA A amplification), it is
ot inconceivable that DNA B evolved from a satellite-
ike DNA progenitor encoding a complementary-sense
P (symptom determinant) gene that acquired a com-
on region from DNA A (as has recDNA-Ab17) together
with the virion-sense CP gene and, in doing so, in-
creased in size to that of a begomovirus component.
In conclusion, our findings provide direct evidence that
recombinational events that result in significant struc-
tural changes can still produce a viable viral DNA com-
ponent. This serves to illustrate the immense potential of
recombination to rapidly produce novel viruses and dis-
eases.
MATERIALS AND METHODS
Clone construction and plant inoculation
The construction of pHNBin419 and pBinAYVrec17
(previously pBinAYVdef17) containing partial repeats of
AYVV DNA A and recDNA-Ab17, respectively, in the bi-
nary vector pBin19 has been described (Tan et al., 1995;
Stanley et al., 1997). The construction of a tandem repeat
of DNA b in pBinPlus (pBin-AYVVb) and its cloning to-
ether with the partial repeat of AYVV DNA A on the
ame binary vector (pBin-AYVVAb) has been described
(Saunders et al., 2000). DNA b sequences in pBin-
YVVAb were removed by SacI digestion, and the result-
ng plasmid was self-ligated to produce pBin-AYVVA. The
artial repeat of recDNA-Ab17 in pAYVrec17/1.2 (previ-
ously pAYVdef17/1.2; Stanley et al., 1997) was subcloned
as a HindIII fragment into pBin-AYVVA and into pBin-
AYVVAb to produce pBin-AYVVArec17 and pBin-
YVVAbrec17, respectively. Agrobacterium tumefaciens
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45AGERATUM YELLOW VEIN DISEASE AETIOLOGYpossessing the Ti plasmid pGV3850 (Zambryski et al.,
983) was transformed with pBinAYVVA, pBin-
YVVArec17, and pBin-AYVVAbrec17 by triparental mat-
ng (Ditta et al., 1980). A. conyzoides, N. benthamiana,
nd N. glutinosa plants were agroinoculated as de-
cribed by Tan et al. (1995). Plants were screened daily
or the development of symptoms. Whitefly transmission
tudies were carried out as previously described (Saun-
ers et al., 2000).
nalysis of viral DNAs in infected plants
Nucleic acids were isolated from infected A.
onyzoides plants using the procedure of Covey and Hull
1981) and were fractionated by agarose gel electro-
horesis and transferred to membranes as previously
escribed (Saunders and Stanley, 1999). Detection of
pecific DNA species was achieved using probes gen-
rated by PCR amplification performed using the appro-
riate DNA template, which were subsequently oligola-
elled as described by Feinberg and Vogelstein (1983). A
robe to detect both DNA A and recDNA-Ab17 was
enerated using virion-sense primer V4616 (correspond-
ng to DNA A and recDNA-Ab17 nucleotides 2482–2505
nd 1046–1069, respectively) and complementary-sense
rimer V4617 (corresponding to DNA A and recDNA-
b17 nucleotides 2689–2716 and 1253–1280, respective-
y). A DNA-b-specific probe was generated using virion-
ense primer V4614 (corresponding to DNA b nucleo-
tides 1091–1112) and complementary-sense primer
V4615 (corresponding to DNA b nucleotides 1302–1326).
NA A, DNA b, and recDNA-Ab17 levels were quanti-
tated by phosphorimaging using a Fujifilm BAS-MP im-
aging plate, BAS 1000 imager and Mac Bas v2.5 soft-
ware.
Analysis of viral DNA replication in leaf disks
N. benthamiana leaf disks were prepared and main-
tained as described by Klinkenberg et al. (1989). Leaf
disks were inoculated with combinations of components
using clones pBin-AYVVA, pBin-AYVVAb, pBin-
AYVVArec17, and pBin-AYVVAbrec17. A probe to specifi-
cally detect DNA A was generated using the MluI(579)–
KpnI(1570) fragment encompassing the 39 termini of the
CP and Rep genes, a region not found in any of the
recombinants characterised to date. Probes to detect
DNA b and recDNA-Ab17 were as described above.
Cloning of recombinant viral DNA
The sequence across the intergenic region of either
DNA b or recombinant DNA was PCR-amplified from
NA isolated from infected plants using the DNeasy
lant Mini Kit (Qiagen) together with virion-sense primer
3996 (corresponding to DNA b nucleotides 795–821)and complementary-sense primer V3518 (corresponding
to DNA b nucleotides 286–310) (Fig. 1). The amplifiedragments were purified by a Wizard PCR Preps DNA
urification system (Promega) and cloned into pGEM-T
asy (Promega). The sequences of both strands of
loned recombinant DNAs were determined using an
BI PRISM Big Dye Terminator Cycle Sequencing Ready
eaction Kit (Perkin–Elmer) with SP6 and T7 sequencing
rimers. Sequencing products were resolved using an
BI 373 automated sequencer. Sequences were anal-
sed using version 8 of the program library of the Ge-
etics Computer Group (Devereux et al., 1984). Restric-
ion endonuclease digestions were performed on puri-
ied PCR-amplified fragments using conditions
ecommended by the supplier.
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